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tube and the f lu id  for t h h  heat ex~hsanger. 

- -  
Cmpan+on the deslgn of a heat exohanger far ZACA, 
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the temperature diffemnae. botwean the pipe &qd the f l u i d  

was derived with the turfaf distance and time a8 independent 
\ - 

variablba. The boundary conditione were obtained from 

phyS?~aL oonofderatlons and a solution was obtsined, Prom 

the expression for W m  temperature differonce equations 

were derived for the tube m d  the f l u i d  temperatures BB 

functions of the axiS-1 distari.cra and the t h e ,  - 
"he arrectond seotfon af t h i a  theais describes the 

method by which t b  ~itawlytical results wirers vsrifPe8. A 

508t 5et%up #Pal oon8truCbd that duplicated %he conc¶%tlons 

imposed on tha ana lp i s .  Thir, consisted gf a 10% Ineulat- 

ed tube, suitable inatmentab ,  throuEjh whfch afr  was 

Induced. A deacriptfon of the equipment and inSt;rment- 

atlan starts the seoond aection of this pa ape^^ The t e a t  

procedure i a t  outlined and t h o  acouraog of the t e s t s  de- 

termhled. Then a desosiptlon of the eva lua t ion  of aaef- 

fiolcbnh and camputatfone f a  given. It wab found that 

good agreayent ex i s t s  between canput& and experinental 

PdalPres of the tube, and f l u i d  ternpesaturea. 



.. 
1 .* 

t. :. 

... 
..d . , 

B -  

k -  

Kf - 
% -  

Diarneter of akraiijkt; aerttion of entrance bell-, in. 

External diarllsteer of tube, In. 

Time mquimd for the first partiolers of f l u i d  t o  

S p e c i f i d  gravity of the manmeter Glcohol 

travel 8 aiertance x along the  tubs, ,pee. 

 eat transfor oaeff ic ient ,  BmJ/(8q.  ft.)(sec.)(OPI . 

T o t a l  hatat? pressurn, Ib./nq. Pt. 

Goncluct;ivi %y of the f l u i d ,  BTU/( sq. ft;, 1 ( BBC.  1 ( %/ft ) 

Ratio of thet heat tranafer t o  the h0at capacity 

Ratio of' t:w heat tranafer to the beat; erapetoity 

of the f l u i d ,  l/sec. 

of ttis tubs, 1/6aeo, 

1 - Length of the tuba, in, 

Iid a iIei&t of the zmm.mter f l u i d ,  m. 



61 - Temperature dPffescbnce bst-arsen tha tube ar.d t k e  
f l u l d ,  QP 

8 - Difference betweon the initial tube t emppa twe  

r7 - Beat flax, b ~ ~ / s e c .  

3s - Heynoldsf limber, Vd/2 

and t l r @  air i n l e t  texpersture, OF 

Tf Temperature of the f lu id ,  OF 

t - Kinematic vIecosItp, sg, fttjft, 

x - Axial distance &low the tube, in .  
r ;. 

e- - ... 



$1 A'?3 €3: k'f IC AL AS ALYS IS ' .  ' .  . 
I In tb{s  cliqpter the firlst sect ion of thls paper is 
I 

I presented. The t rans len t  heat transfer betaegn a tube and 

the f l u i d  flowing through the tube is analyzed and a 
I 

theore t ioa l  s o l u t i o n  for  the tube and Fluid teqorratursa 

is developed. The spsoial. case considered in t h i s  paper 

is that where a f l u i d  at EI consstant entrarroe temwrature 

' floivs thraua  a tube at an i n i t i a l l y  aanstant tempereturn, 

No heat 18 transferred aero88 the o u t e r  wall of the tube; 

e f f ec t ive ly  the tube 18 perfectly inauleted. 'Rtus both 

tube and f l u i d  temperaturrss change with x, axfa1 dfaatmoe 
5 .+ , . a  

I .  along the tuba, au8 t h ,  t. %e problem i s  tQ $.etwmine 
1, li I .  . *  .. 

. .  
c 

analytically 4XpMb8SfOnS Par tho tube a d  the f>uf& 

that no radial tempdratnra gradtents exist Ln Cha tuba GJF 

in the f luld.  Far the fluid, turbulent flow pravtdea a 

v e r y  r&pi& transfer OP hakt radia l ly .  The aon8ustivity of' 

the aetal is Parge earnpared Nith tho Oonductivity Of the 

f l u i d  film so that the assumption of no radial gmtdient 

of tieat In the tube Is juertiffed. A further assurcption IS 

that t b  trmsfer of )asat axially along .the tube by aon- 

duction mag be ns~lgpted. ?%e validity of thba assumption 

:. 

I- 

-#-, - 

, 
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depends on the rat$:: ~ f '  the haat  conducted a l o x  the tube 

to the hadat transfsrred to t h e  fluit! ,  

Dependent V8riable 

Fourjorra law f o r  Cke conduction olf haat 1s wr2 t te .m:  

Cq f hr58 dx, 2.1 

5i.e equations ?or the conaervatlon of onergy a m  

TPO 
. .  . .  . 

*fi 

2.2 



4 : . 
and 

a .  . .  2.3 

where q is the b a t  flux, h tkie t u r b u l e n t  heat transfer 
~ 

I coef f ic ien t  for f lu lds  flow$% through pipea,  8 the 

t m p e r a t u r e  di f f emaca  between tho tube and the f l u i d ,  Tf 

and Tp the tsmperat11res of the f l u i d  ond tube respeatively,  

af and wm the w s i @ k t  of the  tuba and flulti,  and uPf and 

o h  the apecl f ic  hsa% of the f l u i d  and the tribe respactfve- 

ZY 
I In order to raduae these equation8 to a sfngle 

'I i d i f f u r e n t f s l  equatbn i n  .tams of a comon temperature 

f t ; i~c t ion ,  the t o t a l  differential  of the temperature d i f -  

fersncre, 0 =: Tp - Tf, 18 in'troduosd. 
* .  

I - - ,  

OF 

The tota l  derivative of the f l u i d  temperature wlth mspeot 

! 

. 
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derivative o f  6 

208 

From Fourierril equation for the czonduatfon of heat, 

\ 2.1, P ~ B  the oonservstlon of energy equations, 2*2 and 2.3, 
. the following mlatianshfpe tire obtainedt 

.i 

2,lO 

preaaionr. The819 WX3ffbbYkt8 are assme8 t o  be independ- 

ent of temperature, 1. e. constants, t o  l insarzre the 

dlf fsrent ia l  equa6iona. They rapresent the r)at;ioei of thp 

h%Qt ermafer. t o  the heat capacity of the tuba and the 

f l u i d  0 

- \  

The partial dctrrlvative of the tube temperature may 
- 

be w r l  t ten t 
L 
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The deriv&tivos of‘ tho tube and f l u i U  temperatcres, 2.10, 

2,12 and 2.a are 8 ~ S s t f t u t a d  i n t o  equation 2.U. 

2.15 

Thus ar in$egr~-differentlal  equation has been derived i n  

terqa of a single d3,pndent; variable, 8 ,  and the ir:degend- 

Variables x and b. By using the  relationship, V = da m d  

the total  derivative of 9, equation 2,15 becmes 
dt 

n f I The n o l u t l m  of th9s differential egus ik i~n  f o r  8 w i t h  the 

appropriate boundary condlftlons is the key t o  t h e  analysis. 

’ . physioal oonditions of the flow p9ocesa. kfom the flow 

,starts, that portion of th0 f l u i d  within the tuba rattdna 

the erne initial bznpetrature as the tube. If the t i n e  a t  

which the f law atartrp l e  cralled 0, this condition may be 

writ ten : , :- 
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.. .. 

t =  0, o <  x <  1. 2.16 - -  8 = 0  

The f l t l i d  is oonsidered t o  be drawn from a resep- 

voir a t  a constarit I n l e t  temperature, Tfi. k e n  at the 

entrance of the tuSe d,-wir~g flow 

V ~ ~ U Q  for t h e  der2vat lve  of the tube temperature, 2.10, 

substituted, 

2.19 

* - lz,,e 2.20 

boundary conli.Lisn for this differential equation 

Is that at t = 0 the t m p w a t u m  dtfferenoe e q u h  a-eon- 

. s tant ,  Q1 = Tpo - Tfi. &ken this,boundstry condition i a  

substituted i n t o  -9he @iolutlon of equation 2.20, the  888- 

ond boundary condftion for the pP0bbM is obtained. 

2.21 

Solution'of the Dif fe ren t ia l  Squatfon -- 
This aectlon of the analysis deal8 with the 801- 

UtlQA Of the boundarg value problem W k i i C h  has been dePiV- 

in the preceding sections. Reatatlng the pmblen! f o r  

aonvsnfence, 
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2.16 

2.21 are 

2.23 

I I I * .  * .  , bwtzadary coru[litlon is w5atituted i s t o  cquatim 2.22 an 

ordinary differential aguetlon ie obtained. 

The solutiao for th is  differential equation i e r  

2.25 

Wen the transfamed bowdary csondlttion, 2.23,is put i n t o  

equation 2.25, the, constant K l a  evaluated ana the funct- 

ion 4 determined. 
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*is f u n c t l o n  ha3 no aS.n,ularltfes oc a iaaon t fnu l t i e s  80  

t h e  inverse trtirisfam ia e o a i l y  made. The exponential ? -  . .  

1 -  . .  

2.27 

tkon the term e , ia expaunded Into a setries, Die 

Inverse transform of i&18 function is &a follows: 

2 b2 
. .. . * .  ~ 

. 
n?L 

t L $  2.2% 

I Equation8 2.2c were differentiated ard auhst l tu ted  

into the differential  equation 2.16.mia procedure-proved 

that equations 2.2d we- a solution to the equation, The 

f k s t  boundary trondition was sat l s f lad  by the foxm of 

g ives  the expression, 

-$t 
8 = 0s # 2.21 

and shows that the aoht ion e a t l s f f s s  t h i s  boundary eon- 
. .  - 

. C  e dition. 
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On- 0 haa been &atemined the tube m d  f lu id  temp- 

srseturcas may be Beteminsd frm the initial equatiuna, 

Although bcrth tube anc! PludCi temperatures m a y  be computed 

dlrect ly  from equations 2.10 and 2.12, the tube temperatures 

a m  auch eaalgr to compute than the f l u i d  teayeratures ,  "he 

relationahip for the tu138 temperature 'is wri t ten :  
. 

2.10 

If a f i x e d  boint on the tube is considered, the derivative 

can be changed from the  partial t o  t h e  total d@riV&tiPe. 

When Chis is done the equaticn is integrated to o€wt the 

tube temperature 

%W'.)X - 
V 

, 

Now when tha value of' 0 frm equtltisn 2.28, W i t h ' t  - - X 
V 

replacred by 6, is eu5st l tuted into e'qutition 2.30, the 

equation bsuomces mady for integration, 



I .  . .  * 

I 
i 
1 ! .  02 



- ,  . .. . 

I I .- 
- 

- .  . .  
L 

? "  



. 

- 17 - 

To provide a check f o r  the applicabilfty of the 

analytical results, an experimental  setup was dev!,aad to 

fulfill the conditions of the analysis. A long tube was 

Instrumented with themocouple$ and preheated to an 

i n i t i t i l l y  ~ ~ n ~ t a n t  tcaperature. Eeot transfer to or from 

the o u t e r  siirrace of the tube was lowered by the uae of 

insulation, Ynen air was drawn -through the t3be and the 

* .e tube and air texpemtxres recordad. The general experbent- 

. I  
a1 layout is shona in blookbdisgraan form in f l . g x r e  2. To 

ensure ~l uniform f l o w  of air at a constant temperature and . 
I . . .  - 

pressure the air was i:x€uced th roush  the tube 3y a blower. 

Sincs the temperatures were continually vapyins, recording 

potentiometers #ere used f o r  temperature rneasur6ments 

The tuSe that was used €xi these t e s t s  waa a 

i ~ c h  hard copper tube,  eight feet long, with an inside dia- 

meter of .a35 inches,. F'igurce 3 shows the d e t a i l s  of' the In- 
. 

..& 

. -- 

let and exit of the tube, A nbthogany entrmoe b e l l  with a 

contraction ratio of 54.E and 

section was used as an 1nLeL. S h o e  the inside diameter of 

5/l6-inoh diameter straight 

the tube €e smallsr than the adjoining strai4h.t; seotion of 
, 
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themocoupls  material indicatec? R:I accuracy of + .25 per-  - 
CetKlt. 

, f ie!  temperatures w e m  recorded by two s t n ~ l e  ch&!nel 

3;rovn aelf-SalanoinZ potentiometers b L t h  a u t m a t l c  cold 

junct ion campensation. The3e rocorders had a 0 - 6 ~ f l l f -  

volt range ran9 A S a ~ i c  accwacy of + .J3  perceT.)t. A motor 

d r i v e n  L e w i s  switch was used to switch thsrgocouplo l eads  

and trmsmlt the Lndl.viZual p o t e n t i a l  i n t o  t'Oe recordem. 

To sinplffy readi.a& the rebords, t,hs air tsqxraturss were 

recorded on one potenkfometer and the tube temperatures on 

the other ,  

- 

.- 
I 
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canatant box temperature imtll  the, desired op@ratbng . 

teroperatum Was reachad, During t;he heating b r i o 8  both 

the entrance and e x i t  of the duct were closed t o  aid fn 

obtaining 

tube, Cheeke on the Uplfformity and magnStu@a of the tsmp- 

e re tu rea  along the tube were made by operacing tke ~ e a o p d -  

e m  and observing the -tenporature8. The varlatrofi of %he 

tube, $ernperaturns wLth axial d i s t a n c e  along the tubs f a  

shown in f i s r e  5. ??'hi8 figure shows that the temperatures 

are oonrtrurt over 35et  of tha tube l ength  and only v a ~ y  

unifom temperature distpibutian along the 

, 

I the desired Irilet; velac i ty  and the Slower atwted .  The ais 

, , *. 
velooity was held constant by nanual cont ro l  of the air 

valve w i t h  the mlcrmanwater a8 a pressure ~efe rence .  

1 .  To investigate the af fec t  of temperatars nGn?tude, 
. -.. 

' t e a t 8  were made at three I n i t i a l  tu- temperatures, 132, 
, 
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: . these p i n 3  was held conatwilt; a t  1'35 f e e t  per second. 

b -* 

C .  .. 
L 

*,- 

the tube wid u:r tomperatizres at each s t a t I an  were 
1 

p l o t t e d  a d a h s t  tiye b? the rccorriing potentioneters, 

~ a i n v l e  r eco rds  of t h i s  data are ai-town i n  flt;tzre !to '~"he. 

static preseura in the entrance bell cnd tiis roon ternp- 

eratures  were noted by the operator. 

Expe r i m n  tal  Accuracy 

The acourtlc-; of the i n d i v i d u a l  components of the 

temperature measurement system was given in- chiptor XII. 

The thermocouple n a t e r i n l  had an error of - + '25 percent 

ax3 the recordera + i33 percent. Thus aaecfianioaJJ.g the 

error totaled to + .58 percent. A further source of e r r o r  

oocur8 i n  reading the temperature recorder. ' n l a  i 8  estimat- 

.r 

- 

ed to be 2 .5 Jejree Fdwenheit. The sxpsr?q:utal el*' -' 

in temperature seasureaent therefore  varles S m l n  ~f. 2.25 

mrcent for the low tsxperatures t o  - .e .92 percent st the 

hfgh tenparaturea 

Detemlnation c-- of the Flow Velocity 

Since the temperatures were measured d i r e c t l y ,  the 

only computation necessary was t ha t  f o r  the initial air  . ... 
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where H is the barmet r lc  pressure, c> the air density and 

‘:b the veloatty a t  the entrance b e l l .  Tnls nay be rewri t ten 

in the form 

4.2 

The velocltp of the fluZd enter ing tho tube was o3talne8 

frm the continuity equation. 

4.4 
where a represents the e ~ e a  of the respective sectlona, 

b w  for an hcumpreasibls  f l u t d  p Is a oonstant cand the 

expression for the I n l e t  ve loc i ty  is writ ten:  

-. - 
” ., 



: , 

. 

2 .* 

c .  - .  
4 

. .. 



' : . 
In t h i s  chapter tho  procedure used t;O coapute the 

tube and f l u i d  te?uperatures f o r  oondlt;Ions of' the experlnant 

are outlined, ??he flrst problem that must Se faced In t h l s  

cornputat€& is the evaluation of: tho coefficlsnts Ky and 

Then methods are outllned for o a r p u t i q  th0 tube and 

Evaluation - of' 9oefficfents * 

L .: . 
. *  result# &re bes t  applied when turbulent f l o v  exists in the 

tube, i3y making the f l o w  pase over a sharp cemwr as lt 
.. OI L 

- .  

e n t e r s  the tuba, tihe f l o w  beootms turbulent very oloraa to 

the mtr&cu of th Lube, IZrIeth and Sumerfield 

ed that turbulent flow exists 3.L2 d l a m t e r a  downstmam for 

th i8  type of entrance, Thus the use of the burbulent heat 

transfer eaefficfsnt over the en t i r e  tube IttA~.m seems Jus= 

1 3 -  

have show- 

:*- 
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1 .  OF rewriting . .  

06 .4 iYu = 0.023 P, , 

5.2 

t eopara ture  0 
-. 

b 

The heat tr&sfsr coeff ic ient  em 5e do~aputsd by 

uertng blther the i n l e t  S'luid temperature, an average value 

of f lu id  temperature or that obtainsd by an iterative 

p r o ~ e a b .  In this paper t 6 e  Ini t ia l  f lu id  temperature was 

! 

used as la start and t lm agreement obtaiaed betwean the 

0oraput;ed and expsrrmantal valuds was so good, consfdering 
I ...a . 
=>* C *  .. the f2mitr$fona af tke experiment theti no furUtar work waa 

done. In any. oase the Ctkimge in heat tranafer ooof'ffoieiit 

tP.rough the tube was only 12 peroent for the himst tsap- 

erature range tested, 

The vducrer of Prmdtl number, specrifio heat, viscosity, 

and conductivity OS the fluid were taken frortl Eeenan a:id 

wharg b l a  tb.8 kinematic casffichmt of visooaity. 
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& 
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... . 
- -  .. 

k%o n e x t  s t e p  i s  t1-3 avaluation of the coeffZclenta 
1- q Mnd $.PL. These were defined to 3e 

and 

5 .5 

It Should be emphasized ut t h l a  poin t  that  A €e t \ e  surface 

are per unit len&h mcl  vznl m.d wf are weight per foot, 

The varfaticra of K.,. m.d Icf along the tube at a time 
iil 

of t a n  seconds iu p l o t t e d  in fldure 6. Kf chanp8 37 pr- 

cent  ovep the length of the tube for an f n i t i a l  tube S;enp- 

erslturs of 227 d e p e e s  FahrefiAheit while K;a has only the - 

transfer coefficient. The compreasibllity ef fect  cautaeer 

the large change in Kf with temperature since the weight 

of f l u i d  ohanges rapidly as the temperature Changes. 

5.5, the tubs and alr temperatures can be oomputed from 

equations 2.32 an8 2.33. However this method of coslputin.& 

the tube teaperaturee I s  very laborious since the series 

in equation 2.32 does not converge rapidly. 
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20 perforin rapid computations of tuBe and nlr tenp- 
: . 

~ r a t u r e e ,  the 8amatioon of the soriea in equakfon 2.2d 
calculated and plQ%tt;ed against the aeries tern Kf$$(t- 7). X 

01ice this hae 3ben dono 8 1s e a s i l y  computed using valnos 

from this cturve in squtitlon 2 2 2 .  P S ~  aquatfon 2.29 of 

chapter  11 the fol lgwiw equation €3 obta ined:  
v -t; 0 - A 

Tp = TPo ” % s, 
v 

’4 dt. 
! 

Now the in tegra l  In t h e  1wt term can he evaluated graphi- 

crally in a short time. @,for a station on the tube, is plot- 

. ted agaiqst time. ”he area under the O U F V ~  rapresents the I .- 

1 -  value of the integral * 
1. 

In a sirnllrvr m m c r  an equation for the f l u i d  temp- 

erature aag- be written. 
I 

P X  

OI- 

In th i s  ease 8 is plotted against x ,  the d i e t m i c e  ~ O A G  

the Lube eucie. The vcpl~e! of tho  h t e g r a l  fs represented by 

the apeta under tM ourveW 



, 
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The theorstical ami sxpsrimental valuefa of Q/@L a m  

plot ted  in fagure The qualitative iigreemrrat appears t o  

be good wPth one s ip l f i cmt  exception. Thssa are the 

values of €+/$I in th0 v h l n i t y  of the t;uSa entranue. If the 

boundary condltlon, x = 0, 3.8 osnsidared, it aan be seen 

value above 8ePo a8 t'ns tlmat 

on the part of ttie experftment- 

is transfemsd' t a  %Ma end 

to t h e  fluid t o  the Wat conduo.t;ed along the t u b  FUAI about 

gradlent along the tuba exfsts. 90 tt would seem that the 

heat transferred from the inmalation Fe pretty large, This 

f a  most notloable at the t u b  entranae s h o e  the tempersture 

gradient radially fro= the hbet becomr Iarse rapidly,  

I=- 

:, . 
, 

, 



, , . .- . 

.-'- 

plota  indicates good cilifscrment both quantatlvalg and 

qual i tat I ve 1, y . 

., - .  
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Limitatlone -- of the Investigation 

The major e r ro r  introduced i n t o  th i8  analys2s holds 

variation of :if as 8hCYrri in figure 6 ,  Even ao the raLrl$e of 

thie loves t iga t ion  1s whem the  oompressiblllty ef fsots  

u r e  small. ff the tonperature l a  increaaad by 8 larp 

.-r = 

d i f f e ren t i a l  equation n o w l i n e a r  and lntroduoe the greatest 

difficulty in 3 ~ 1 v 5 n ~  t b  problem. 

The Lergetst .6sxgcar22911?Lita3 error has been lrtsntioneil 

previoualy in this  chapter, !kat Za the trmnfer qf beat 

from the inaulatlon t o  the tube, The v a l m  of imnroving 

the experimental appcutotus seems doutt ful  In visa  0% the 

c o s t  of f u r t h e r  refinement. The raajor impz?overr,ent would 

be to seal  the: tube in an evacuated f l a s k ,  UoweveP tho 

agreement between the cam-;uted and experimental results 

' 

bktsnrsion of the Problem -- 
e 

The next s t e p  Itn t h i i  txpe of InvestJgafAon would 
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be to extend the analysis to include different 3owdary 

conditions. There would. be two mejor extensions;  one, t h e  

I n l e t  air at some ar3Ltrary f'uqctlon,and two, mu1 a r b i t r a r y  

temperature distribution d o n y  the' tube 

a : . 

.. 

. .  
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be taam LZ titbe m d  &e flu%@ flowing through the tuber Ex- 

pressions were obtmlned f o r  the tube and fluid tenperaturea 

as functions of' tlis fndependlant variables  x and e .  An 

sxwrirnent was a e t  up t o  verify the results of tihe analyaris. 

b o d  agreement wa% obtained between the exgsrtntental tmd 

, 

corngubed value8 of tube and air temperatures. 

In previous omputatt€onar, the tube rut& air tempera- 

t twea  were eomputed by 8t step-by-step Integration of the 

equation for heat &trnduatian, This process mquipe4 weeks 
... 

. 

I 
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Figure 5.- Variat ion of i n i t i a l  tube temperatures along t h e  tube,  



140 

I20 

100 

Kf 
80 

60 

40 

20 

0 

X 

(a) Variat ion o f  Kf with x. 

.06 

.04 

Krn 
.02 

I 

0 
0 io 20 30 40 50 60 70 80 90 100 

X 

( b )  Variation of with x. 

Figure 6.- Variat ion of coef f ic ien ts  Kf and along the  tube a t  
10 seconds. 
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Figure 7. - Experimental and computed values of e/@,. 
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... Figure 7.- Continued. 
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Figure 7.- Concluded. 
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Figure 8.- Computed values of tube and air temperatures for an initial 
tube temperature of 2270. 



24 0 
b 

zoo -. ' 

I60 

12 0 

80 

40 

0 

. ., . 

- 
0 /O 20 30 40 50 60 70 80 90 /OO 

x 
Tube temperatures. 

(a) Initial tube temperaturea of 2270. 

Figure 9.- Experimental values of tube and air temperatures. 
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Figure 9.- Conthued. 
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Figure 10.- Variation of exit air temperature with time for initial 
tube temperatures of 132’, 1670, and 2270. 


